Three pilot-scale duckweed pond (DP) wastewater treatment systems were designed and operated to examine the effect of aeration and effluent recycling on treatment efficiency. Each system consisted of two DPs in series fed by pre-settled domestic sewage. The first system (duckweedþ conventional treatment) was 'natural' and included only duckweed plants. The second system (duckweed aeration) included aeration in the second pond. The third system (duckweedþ aerationþ circulation) included aeration in the second pond and effluent recycling from the second to the first pond. All three systems demonstrated similarly efficient removal of organic matter and nutrients.
INTRODUCTION
Two main classes of biological processes, natural-extensive and mechanical-intensive systems, are commonly implemented in wastewater treatment. Among the natural methods are phyto-remediation systems comprising plants (rooted or floating) that can absorb nitrogen and phosphorus compounds and produce and transfer oxygen, thus stimulating the growth of bacteria that can degrade organic matter and remove nutrients. Algae-remediation systems are another type of natural process in which microalgae and/or cyanobacteria absorb nutrients and produce oxygen by photosynthesis, which promotes the growth of bacteria that degrade organic matter and nutrients.
One of the most widely applied natural processes, the duckweed pond (DP) system, is a modified type of stabilization pond covered by a floating mat of plants such as Lemna (duckweed). A healthy, dense duckweed mat that uniformly covers the water surface prevents algae from growing and water from evaporating, thus helping to maintain clear total suspended solids (TSS) effluents and stable pH and dissolved oxygen (DO) conditions that, in turn, sustain bacterial growth. Over time, excess duckweed growth, a valuable byproduct (up to 40% protein content) that can serve as animal fodder, should be harvested and removed from the ponds (Oron et al. ; Xu & Shen ; Mohedano et al. ) . Pathogen destruction efficiency in DPs does not match that of oxidation ponds, limiting the practical and safe application of the system. One configuration that could potentially resolve this shortcoming comprises a set of algae ponds that flow into DPs (van der Steen et al. ).
Due to their simplicity and numerous advantages, simple pond systems have been a common wastewater treatment method for many years already, especially in warm climates (Dhote & Dixit ) . With their limited oxygenation capacities and low microbial biomass densities, however, these systems require long retention times (or large areas) to achieve sufficient treatment efficiencies. In addition, preliminary treatment is required to reduce extreme organic and nutrient loads and to remove suspended solids. Finally, bottom deposits and floating materials may also need to be periodically removed from the pond (see Table 1 ).
Lemna, which belongs to a family of tiny floating plants (Lemnaceae) that grow on the surfaces of quiescent fresh-water bodies, forms individual green structures termed fronds that are smaller than 1 cm in diameter. Most cells of the plant contain chloroplasts and are separated by gas-containing cells that promote plant floatation. The entire bottom surface of the floating plant can absorb nutrients from the water. Duckweed species grow very well in pH ranges of 7-8 (Priya et al. ) , and their ideal temperature for growth is in the range of 20-30 W C. Several studies have reported on the highly efficient organic matter removal typical of DP systems, especially due to microbial activity. The removal of organic matter and overall plant conditions were found to be dependent on the organic and nutrient loads in the water ( The motivation behind the present study was to investigate a potentially more efficient method of nitrogen and phosphorus compound removal in DP systems. Therefore, two-stage pond systems were tested as detailed in the next section. The effect of artificial aeration in the second pond of the two-stage DP systems was tested as a means to improve ammonia oxidation. In one system effluent recycling from the second to the first pond was tested for its effect on the development of denitrification (similar to the strategy applied in single-sludge activated sludge systems). Effluent recycling was also exploited to stimulate the growth of phosphorus-accumulating organisms, with the aim of improving overall phosphorus removal.
MATERIALS AND METHODS
Three pilot-scale DP systems (illustrated in Figure 1) were constructed for the treatment of domestic wastewater from a small community in the Negev desert in southern Israel. The main objective of the experiment was to test the effects of aeration and effluent recycling on treatment efficiency. Each system consisted of two plastic tanks arranged in series. The active water volume, surface area, and water depth of each tank were 35 L, 0.2 m 2 , and 20 cm, respectively. The ponds were located in an open field exposed to the weather conditions of the Negev desert in southern Israel. The first system comprised only duckweed plants and was therefore termed 'natural' duckweed conventional treatment (DWCN). In addition to duckweed, the second system had an aeration device (flexible tube diffusers connected to an air pump) in the second pond (duckweed þ aeration, DWAE). The third system resembled the second but with the addition of effluent recycling from the second to the first pond (duckweed þ aeration þ circulation, DWAC). No other mechanical mixing was applied in any of the systems. The recycling applied in the DWAC system actually increased the mixing in the two ponds of this system. Suspended solids underwent preliminary sedimentation in a simple holding tank that served as a feed reservoir. Peristaltic pumps supplied continuous and steady influent from the feed/sedimentation tank to the three systems (7 L per day for each system). Another pump was used for effluent recycling in the DWAC system. The recycle rate (ratio of the recycle flow rate to the influent flow rate) was maintained at 1 in the first experimental phase and increased to 2 in phase III-B (phases discussed below).
The study comprised three phases, in all of which the organic and nutrient loads of the raw domestic sewage were altered by dilution with tap water. The duration of each phase was several weeks during the experimental period of March to September 2011. The duckweed plants (Lemna gibba) used in the study systems were obtained from a nearby experimental station. The tested systems were compared in terms of chemical and physical parameters (pH, DO, water temperature, and electrical conductivity) and treatment efficiencies (chemical oxygen demand (COD), biochemical oxygen demand (BOD), NH 4 þ , PO 4 3À and TSS). Duckweed yield and growth rate were calculated for all systems by mass balances of harvested biomass. The main operational and environmental conditions during the experimental period are given in Table 2 .
RESULTS AND DISCUSSION

DO levels and effect of aeration
In all three systems, DO levels in the first ponds were always lower than those in the second ponds (see Table 2 ), where they remained high throughout the study. No differences were found between the DO levels of the three systems, and supplemental aeration had no effect on DO. In the two ponds of the DWCN ('natural') system, DO levels were the same as those in the two aerated systems during all testing phases (Table 2 ). This outcome indicates that the plants were able to produce sufficient oxygen, especially in the second pond where the organic and nitrogen loads had been reduced in the first ponds. DO was inversely related to water temperature and to N load (correlation not shown but can be concluded from Table 2 ). DO levels in the first ponds, which contained higher organic and nitrogen loads, may have been influenced by the oxygen demand associated with the degradation of organic compounds and by nitrification.
Removal of organic matter
The BOD and COD values of raw sewage and pond effluents throughout all study phases are shown in Figure 2 . COD removal was high (60-80%) in the first study phase but decreased in ponds DWCN-2 and DWAE-2 from the second study phase onward. Apparently algae growth in these ponds caused the observed reduction in COD removal rates (discussed below). In the DWAC system, in which no algae growth could be detected, removal efficiency was higher. It is possible that effluent recycling in the DWAC system has distributed the load between the two ponds, and thus helped prevent algae growth. This actually reduced effluent COD and TSS levels. In all systems and throughout all three phases of the experiment, BOD removal was very high (80-97%), as shown by effluent BOD levels that were very close to the Israeli standard for unlimited reuse in agriculture and for use in river rehabilitation (required BOD <10 mg/L). However, BOD removal was the same in all three systems throughout the entire study, thus showing that aeration had no beneficial effect in terms of BOD.
Removal of nitrogen and phosphorus compounds
Throughout the study, ammonium (NH 4 þ ) removal was very high (96-99%), and its effluent levels were always below the Israeli standards for unlimited reuse in agriculture and for use in river rehabilitation (reuse requirement <10 mg/L, river disposal <1.5 mg/L). The initial NH 4 þ load influenced its quantitative removal, which increased linearly with increasing load (results not shown), but not its percent removal. Plant and biomass uptake and volatilization are thought to be the main removal mechanisms, an assumption based on several findings. First, ammonium removal efficiency in the non-aerated DWCN system was high and similar to that of the other two systems that included aeration in the second pond. Second, the relatively high pH in the second ponds of all systems (see Table 2 ) indicates that nitrification (which is supposed to reduce pH and is also inhibited under high pH) was probably limited. In addition, under high pH levels ammonia gas (NH 3 ) forms and tends to escape from the liquid phase. Furthermore, high ammonium removal was observed in the first ponds, where DO levels were relatively low (Figure 3) . Thus it seems that plant and biomass uptake constituted the main removal mechanism in the first ponds, while volatilization was possibly a significant removal mechanism in the second ponds (high pH and lower plant yield, discussed below). Nitrogen load (based on ammonium concentration, which is approximately 80% of the total Kjeldahl nitrogen (load according to sporadic measurements) during the study was between 600 and 1,200 mgN/(m 2 ·d), a range within that reported as typical for such systems (Körner et al. ) . Phosphate (PO 4 3À ) removal was high (85-89%) in the first and second experimental phases (Figure 4 ). During the third phase, the phosphorus (P) load actually increased and the removal efficiency decreased, although it was still high. However, effluent levels in most cases were above the Israeli standards for reuse (agricultural reuse requirement <5 mgP/L, river disposal <1 mgP/L). Neither aeration nor effluent recycling affected PO 4 3À removal. Furthermore, during phase III-B, in which the recycle rate in the DWAC system was doubled, the removal efficiency decreased. During the study, the P load was 120-600 mgP/(m 2 ·d), a relatively high value that falls in the upper part of the range reported as typical for such systems (Körner et al. ) .
Biomass yield, algae growth, and effect of effluent recycling TSS removal was high (80-85%) in all the systems before the algae growth commenced. From the second study phase onward, algae growth in ponds DWCN-2 and DWAE-2 caused increases in effluent TSS concentrations (results not shown). In the DWAC system, high COD and TSS removal were sustained, and effluent TSS levels remained low. Algae growth is hypothesized to occur due to increases in influent ammonium concentrations, since both the ionic and gas forms of ammonia are reported to be toxic to duckweed (Körner et al. ; El-Shafai et al. ) . This is supported by Figure 5 , which demonstrates the effect of ammonium load on duckweed yield. The proliferation and uncontrolled escape of algae with the effluents, therefore, caused increases in effluent COD and TSS. On the other hand, the recycling implemented in the DWAC system helped regulate and equalize both ammonium concentrations and pH levels, thereby supporting efficient duckweed growth (and improved look) and suppressing the development of algae. Indeed, Al-Nozaily et al. () demonstrated a similar reduction in ammonia toxicity by implementing mixing. In the current study, the duckweed yield was very high in the first and second phases of the study (74-135 g/(m 2 ·d)), after which it decreased ( Figure 6) .
The duckweed growth rate in the DWAC system was always higher than those of the other two systems. Although it decreased during phase III, the change was considerably less than in the other systems, and the plants recovered more rapidly toward the end of the experiment. As already mentioned, these findings can be explained by the equalization effect of the recycling. Nutrient concentration was the main factor influencing duckweed yield, which increased with nutrient load to a certain point, after which further increases in nutrient load seemed to cause a decrease in duckweed yield, probably due to the toxicity of the ammonia present in the system.
SUMMARY AND CONCLUSIONS
Two-stage DP systems were found to be suitable for the treatment of domestic pre-settled wastewater, and they demonstrated highly efficient removal of both organic matter and nutrients. Based on various analytical indicators, plant and biomass uptake was hypothesized to constitute the main removal mechanism of nitrogen in the first ponds, while a significant removal mechanism in the second ponds (with high pH and lower plant yield) was possibly volatilization. Phosphorus removal was found to be related to plant yields. Supplemental aeration implemented in the second ponds of two of the two-stage systems to enhance nitrification-denitrification and promote the development of phosphorus-accumulating bacteria (similar to the concept applied in the singlesludge system, with recycling added in one system) had no effect on either DO levels or pollutant removal efficiencies. For the current system design, therefore, the inclusion of aeration seems unnecessary since oxygen production by the plants was found to be sufficient for the range of loads applied. Increases in ammonium load reduced duckweed yield and caused algae to develop, which resulted in increases in effluent COD and TSS concentrations. Effluent recycling in the DWAC system helped to equalize ammonia concentrations and pH levels, thereby contributing to the suppression of algae growth. As such, recycling led to improved effluent quality in terms of COD and TSS compared to the systems without recycling, which suffered from a proliferation of algae and overall deterioration in the qualities of their respective effluents. Moreover, recycling also improved the general condition and growth rate of the duckweed plants, especially under conditions with high ammonia loads. It should be noted, however, that in full-scale systems nitrogen and phosphorus removal mechanisms may be different and less sensitive to reactor size. Therefore, further verification in larger scale is needed.
